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LABORATORY INVESTIGATION
Size and charge selective permeability defects induced in
glomerular basement membrane by a polycation
JEFFREY L. BARNES, ROBERT A. RADNIK, ERIC P. GILcHRI5T,
and MANJERI A. VENKATACHALAM
Department of Pathology, The University of Texas Health Science Center at San Antonio, San Antonio, Texas
Size and charge selective permeability defects induced in glomerular
basement membrane by a polycation. Polyethyleneimine (PEI) was given
intravenously to rats followed by native ferritin or one of three cationic
ferritis. After 15 mm kidneys were fixed for electron microscopy.
Controls (C) received vehicle without PET, followed by the appropriate
ferritin. PEI-induced permeability change was measured as the ratio
(PET/C) of counted ferritin particles within the glomerular basement
membrane (GBM) in the corresponding PET and control groups. The
ratio PET/C for each tracer was: NF (p1 = 4.5—4.8)—l07; CF (p1 = 7.5—
8.2)—3.3; CF (pT = 8.0—8.7)—1.7; and CF (p1 = 8.7—9.0)—0.9. When
ferritin localization in the subendothelial layer of the GBM was exam-
ined separately, PET/C was increased for all ferritins including the most
cationic species. After PEI, GFR and RBF decreased proportionately
by half; thus, filtration fraction remained constant. Reduction of renal
perfusion pressure to 40 mm Hg showed no alteration of ferritin
permeation into the GBM. Thus, PET effects on ferritin localization in
the GBM could not be ascribed to renal hemodynamic perturbations. If
the effect of PET on GBM permeability were to be mediated exclusively
by neutralization of the charge barrier, the index PET/C should be
increased for NF, but decreased for all CF. The results show a marked
effect of PEI on the charge barrier (PET/C> 100 for NF). But, PET also
enhanced total GBM permeation by CF (7.5—8.2) and CF (8.0—8.7), and
increased subendothelial GBM permeation for CF (8.7—9.0). An inverse
relationship of the effect of PEI to the cationic charge on CF was
evident. These paradoxical results can be explained if polycations
(including CF) not only neutralize anionic sites, but distort GBM gel
structure, thereby altering porosity.
Défauts de perméabilité selective sur Ia taille et Ia charge induits dans Ia
membrane basale glomerulaire par un polycation. Du polyethylèneimine
(PET) a été donné par voie intraveineuse a des rats et suivi par de Ia
ferritine native, ou par l'une de trois ferritines cationiques. Après 15
mm, les reins ont été fixes pour microscopie électronique. Les con-
trôles (C) recevaient du véhicule sans PET, suivi par Ia ferritine
appropriée. La modification de permeabilite induite par le PET était
mesurée par le rapport (PEI/C) des particules de ferritine comptées a
l'intérieur de Ia membrane basale glomerulaire (GBM) dans les groupes
PET correspondants et contrôles. Le rapport PET/C pour chaque traceur
était: NF (pT = 4,5—4,8)—107; CF (pT = 7,5—8,2)—3,3; CF (pT = 8,0—8,7)—
1,7; et CF (pT = 8,7—9,0)—0,9. Quand Ia localisation de Ia ferritine dans
Ta couche sous endothéliale de Ia GBM était examinée separément,
PET/C Ctait augmenté pour toutes les ferritines, y cornpris les espèces
les plus cationiques. Apres PEI, le GFR et le RBF ont diminué
proportionnellement de moitié; ainsi La fraction de filtration est restée
constante. La reduction de Ia pression de perfusion rénale a 40 mm Hg
n'a pas montré d'altCration de La permeabilité a Ia ferritine dans Ia
GBM. Ainsi, les effets de PEI sur Ia localisation de la ferritine dans La
GBM ne pouvaient étre expliques par des perturbations de l'hemodyna-
mique rénale. Si l'effet de PE! sur Ia perméabilite de Ia GBM avait pour
médiateur exclusif une neutralisation de Ia barrière de charge, l'index
PET/C devrait être augmenté pour NF, mais diminué pour toutes les CF.
Les rCsultats indiquent un effet marquC de PET sur Ia barriére de charge
(PEI/C > 100 pour NF). Cependant, PET a également stimulé Ia
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perméabilité de GBM totale pour FC (7,5—8,2) et CF (8,0—8,7) et a
augmenté la perméabilité sous-endothéliale de GBM pour CF (8,7—9,0).
Une relation inverse entre l'effet de PET et Ia charge cationique de CF
était évidente. Ces résultats paradoxaux peuvent être expliques si les
polycations (y compris CF) neutralisent non seulement les sites anion-
iques, mais modifient aussi Ia structure du gel de Ia GBM, altérant ainsi
sa porosité.
Glomerular permeability to macromolecules is influenced by
molecule-filter interactions with respect to charge, size, and
shape [1—4]. Fixed glomerular polyanions (GPA) are integral
structural components of the filter wall [1—7]. That GPA affects
glomerular permeability was shown by clearance and ultra-
structural studies using differently charged macromolecules [6,
8—12]. Loss of GPA may result in increased glomerular perme-
ability to anionic macromolecules [13—18]. However, both
charge and/or size selective permeability defects may occur in
some models of glomerular injury with a loss of GPA [15—19].
The two defects may be related, since removal of sialic acid, a
component of GPA, causes structural glomerular epithelial
lesions and associated permeability defects [13]. Whether or not
decrease of GPA is associated with structural abnormalities in
the GBM proper is conjectural.
Alternatively, neutralization of GPA by a circulating polyca-
tion may also increase glomerular permeability to anionic
macromolecules [20—24]. In addition, Hunsicker, Shearer, and
Shaffer [24] showed that a nonselective proteinuria ensues
following infusions of the polycation hexadimethrine bromide
(HDM). It was suggested that neutralization of GBM anionic
sites by the polycation leads to secondary structural changes in
the filter resulting in defects in the size as well as charge
selective barrier to circulating macromolecules. Such polyca-
tion-induced structural alterations in GBM pore size have been
alluded to by the recent observation that HDM induces struc-
tural changes in polyacrylamide-polyacrylic acid gels which
have random anionic sites (analogous to GBM) [25].
To define the in vivo sites of polycation-enhanced glomerular
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permeability and the roles played by the charge and steric
interactions in the permeability defect, we performed ultra-
structural tracer studies with anionic and differently charged
cationic ferritins following intravenous injection of a non-toxic
dose of the polycation polyethyleneimine (PEI).
Methods
Polycation
PEI, 18 (1800 daltons) and obtained from Arsynco, Inc.,
Carlstadt, New Jersey, was diluted in 0.05 M phosphate-
buffered saline, pH 7.2 to make a final solution containing 0.5%
PEI with a pH of 7.4. In control experiments 0.05 M phosphate-
buffered saline (PBS) pH 7.4 without PEI was used.
Ferritins
Native horse spleen ferritin, 2X crystallized ("Cadmium
Free," Miles, Inc., Elkhart, Indiana) was further purified to
remove trace quantities of cadmium by sequential dialysis
against EDTA and phosphate-buffered saline as described by
Bruns and Palade [26]. The ferritin solution was then concen-
trated to 50 to 100 mg/mI in an Amicon diaflow ultrafiltration
pressure cell (Scientific Systems Division, Lexington, Massa-
chusetts), sterile-filtered, and stored at 4°C until needed.
Three species of cationic ferritins (weak, moderate, and
strong) were prepared by chemical modification of the tracer.
Five hundred milligrams of native ferritin were added to 700 ml
of distilled water containing 5 g of glycine methyl ester with an
adjusted pH of 6.3, 6.2, or 5.5. Four grams of l-ethyl-3-(3-
dimethylaminopropyl) carbodiimide were then added to the
solution and stirred, keeping the pH constant, for 2 hr at room
temperature, then allowed to stand overnight at 4°C. The
ferritins were dialyzed extensively against distilled water and
concentrated as described above.
Molecular ferritin concentration was determined at 270 nm on
a spectrophotometer (Model 35, Beckman Instruments, Inc.,
Irvine, California) using a value of E = 79.9 [27]. The
isoelectric point (p1) of each ferritin was determined by analyti-
cal isoelectric focusing on slab gels of 4.5% acrylamide and
0.7% bis-acrylamide containing 2.5% Ampholine (pH range, 3.5
to 10) and by isoelectric precipitation by titration. The pls of the
ferritin species were as follows: native, 4.5—4.8; weakly cation-
Ic, 7.5—8.2; moderately cationic, 8.0—8.7; and strongly cationic,
8.7—9.0. That cationization of ferritin does not lead to measur-
able changes in molecular size has been shown by previous
investigators [11].
Sodium chloride was added to each ferritin solution to make
an ionic strength of 0.15 M, then centrifuged at 14,000 rpm,
sterile-filtered, and stored until used.
Experimental protocol
Studies were performed on male Sprague-Dawley rats (Har-
lan, Sprague-Dawley, Indianapolis, Indiana) weighing 220 to
270 g. The rats were fed standard laboratory chow and allowed
water ad libitum prior to the experimental protocol outlined
below.
Renal function studies. Rats were anesthetized with mactin
(100 mg/kg, i.p.), placed on a heating board to maintain body
temperature at 37°C, and surgically prepared for subsequent
measurement of RPF and GFR as measured by the clearance of
3H-PAH and inulin, respectively. A tracheostomy was per-
formed and PE 50 tubing was placed in the left jugular vein for
infusion of 3H-PAH (New England Nuclear Corporation, Bos-
ton, Massachusetts) and inulin. Additional catheters were
placed in the bladder for urine collection and the right carotid
artery for blood withdrawal. A bolus of inulin (33 mg) and 6 pCi
of 3H-PAH in Ringer solution was given followed by continuous
infusion of inulin (10% in Ringer solution) and 3H-PAH (0.6
tCi/min) at a rate of 30 dImin. Following an equilibration
period of 30 to 45 mm, six rats received PEI at a dose of 15 g/g
of body wt followed 15 mm later by a 15-mm urine collection. A
blood sample was obtained at the mid-point of the urine
collection. An additional seven rats were treated in an identical
fashion as above, except they received PBS in place of PEI.
Inulin concentration in urine and plasma of all rats was
measured using the anthrone method [28] and 3H-PAH was
measured isotopically using a Beta Trac 6895 (Tracor Analytic,
Inc., Elk Grove Village, Illinois) or a scintillation counter
(Model LS 355, Beckman Instruments, Inc., Fullerton,
California).
In a separate group of three rats PEI was shown not to alter
3H-PAH extraction by the kidneys when compared to control
values of the same rat. To assess PEI's effect on the develop-
ment of proteinuria, urine samples were collected from five rats
30 mm before and 30 mm after administration of PEI. Urine
albumin concentrations were determined by standard quantita-
tive radial immunodiffusion.
Tracer studies with native ferritin. Four rats were lightly
anesthetized with ether, then PEI, at a dose of 15 sg/g of body
wt, was administered over a 2- to 3-mm period by injection into
a tail vein. In an additional four rats, an equal volume of PBS
was injected in place of the PEI solution. Fifteen minutes
following injection of PEI or PBS alone, the rats were reanesth-
etized and native ferritin (0.1 mg/g of body wt) was injected
intravenously. Following both periods of anesthesia, rats were
allowed to recover and resume normal activity. Fifteen minutes
following the ferritin injection, the animals were sacrificed and
kidneys were fixed by perfusion of 1.25% glutaraldehyde in
sodium cacodylate buffer, pH 7.4, using a perfusion pressure of
130 mm Hg. In a separate group of rats, plasma ferritin
concentration was measured 2 mm after injection of PEI (N =
4) or PBS (N = 4) and at 2 and 15 mm following injection of
native ferritin. Plasma ferritin was measured using a modifica-
tion of the Drysdale and Munro method [29] for determination
of ferritin iron.
To rule out a PEI-induced permeability defect secondary to
histamine release from mast cells or platelets, a separate group
of rats was given diphenhydramine (Wyeth Laboratories, Phila-
delphia, Pennsylvania) at a dose of 25 mg/kg i.p. 30 mm prior to
PEI (N 2) or PBS (N = 2). PEI or PBS was followed by 0.1
mg/g of body wt native ferritin as outlined above. To discount
any toxic effects by PEI, BP was monitored and autopsies were
performed in a separate group of rats following injection of the
polycation and native ferritin or cationic ferritins 8.0—8.7 and
8.7—9.0.
Tissue samples were trimmed from the fixed kidneys, post-
fixed in 2% osmium tetroxide, or reduced osmium [30] and then
processed for transmission electron microscopy using standard
laboratory techniques. Thin sections were stained with uranyl
acetate and/or alkaline bismuth to enhance staining of ferritin
[31]. Permeability was assessed by the ultrastructural evalua-
tion of the localization of the tracer protein utilizing a Philips
x98,600)
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301 electron microscope. No fewer than four glomeruli per
experiment were examined. Negatives were enlarged to make a
final magnification of x 136,000 and the number of ferritin
particles in the GBM were counted and expressed as mole-
cules/tm2 in the GBM. Thin sections with the same interfer-
ence color, and therefore the same thickness (800 to 900 A),
were used in these morphological studies.
Because the lamina densa is not structurally distinct in
reduced osmium-stained tissue, the GBM was divided arbitrari-
ly in half and referred to as the inner and external aspects of the
basement membrane. Hence, the inner aspect includes the
lamina rara interna plus the inner portion of the lamina densa
and the external aspect includes the outer portion of the lamina
densa and the lamina rara externa. The effect of PEI on
glomerular permeability to the various ferritin species was
summarized by dividing the absolute number of particles count-
ed in the GBM of rats given PEI by the values found in PBS
controls (C). The PEI/C index represents the magnitude of
permeability change induced by PEI relative to controls. In all
experiments, most ferritin particles were localized in the lami-
nae rarae.
Tracer studies with cationic ferritins. Various cationic fern-
tins were used to address the issue of a defect in size selective
permeability secondary to charge alterations induced by PEI. If
an alteration in charge selective permeability is the sole defect
induced by PEI, one would expect an increase in penetration of
native anionic ferritin but a reduction in permeability of cationic
ferritins with respect to PBS controls, due to loss of anionic
sites or repulsion by the fixed polycation. However, if a size
defect occurs in addition to a charge defect, then no change or
an increase in the number of cationic ferritin particles with
respect to PBS controls can be expected.
Twenty-four rats were divided into six groups and given PEI
15 ig/g of body wt or PBS followed by 0.1 mg!g of body wt of
cationic ferritin: weak, CF (7.5 to 8.2); moderate, CF (8.0 to
8.7), or strong, CF (8.7 to 9.0), according to the time schedule
outlined above. Kidneys were fixed, tissue samples were proc-
essed, and ferritin permeability into the GBM was assessed in
an identical fashion as described above. Since RBF and GFR
were reduced (see Results), a separate study was included to
examine glomerular penetration by cationic ferritins, under
conditions of minimal capillary perfusion pressure as previously
performed with native ferritin [12]. Rats were anesthetized with
mactin and the aorta was constricted above the renal arteries
with silk ligature, so as to maintain a femoral artery pressure of
40 mm Hg. Five minutes after initiation of the aortic constric-
tion, cationic ferritins were injected intravenously at a dose of
0.1 mg/g of body wt. Renal tissue samples were fixed by
immersion or by perfusion of fixative at a pressure slightly
above the recorded femoral artery pressure. Density of ferritin
particles within the GBM was compared to normotensive
controls treated in an identical fashion except without aortic
constriction.
Results
Administration of PEI produced no untoward effects based
on the physical evaluation of the rats after injection. BP
Fig. 1. Glomerular capillary walls of rats given 0.1 mg/g body weight of native ferritin (NF, 4.5 —4 .8) following (A) phosphate-buffered saline or (B)
polyethyleneimine, 15 ag/g body weight. The number of ferritin particles within the GBM following PEI is substantially increased (> 100-fold)
when compared to the PBS-control. Most ferritin molecules are located within the lamina rara interna. (Reduced osmium and uranyl acetate stain,
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Fig. 2. Glomerular capillazy walls of rats given 0.1 mglg body weight of weakly cationic ferrilin (CF, 7.5—8.2) following (A) phosphate-buffered
saline or (B) polyethyleneiinine, 15 /2gIg body weight. The number offerritin molecules within the GBM following PEI is three to four times greater
than in the GBM of the PBS-control. (Reduced osmium and uranyl acetate stain, x98,600)
dropped slightly (6% of baseline) following PEI and native
ferritin and cationic ferritin, (8.0—8.7) and (8.7—9.0), respective-
ly, but in all cases it remained above 100mm Hg. Morphological
examination of kidney, lungs, liver, heart, adrenal gland, and
spleen did not reveal pathological alterations. Detailed ultra-
structural examination of glomeruli revealed no structural dam-
age to the endothelium or epithelium, other than infrequent
areas of epithelial foot process "fusion." Thrombotic lesions
were not observed. In kidneys postfixed and stained in conven-
tional osmium tetroxide mixture (instead of reduced osmium),
GBM densities in the laminae rarae identical to those described
by Schurer et al [321 were observed in PEI-injected rats but not
in PBS controls. As Schurer et al [321 have pointed out, this
finding indicates the binding of polycation to the GBM polyan-
ionic sites in the laminae rarae. Such densities were not
revealed in reduced osmium-treated material, such as those
illustrated in Figures lB to 4B.
Renal function
Results of renal function following PEI are summarized in
Table 1. PEI reduced RPF and RBF by approximately 50%
when compared to PBS controls. A proportionate reduction in
GFR was also induced by PEI; thus, filtration fractions were
unchanged when compared to controls. These hemodynamic
alterations could be ascribed exclusively to PEI since adminis-
tration of ferritin following PEI did not cause any further
changes. PEI did not alter albumin excretion when compared to
control values (Control = 0.09 0.04 mg/30 mm; PEI = 0.08
0.06 mg/30 mm).
Tracer studies
The distribution of ferritin particles within the GBM of
control rats given PBS without PEI was similar to that previous-
ly described for native ferritin. Few ferritin particles were
observed within the internal aspect of the GBM and only rare
particles were found in more distal levels of the GBM (Fig. lA).
In contrast, the number of ferritin particles observed within the
GBM in glomeruli of rats given PEI prior to native ferritin was
substantially increased (PEI/C > 100; Fig. IB, Tables 2 and 3).
Most of the tracer particles were uniformly localized in the
inner aspect of the GBM; however, the number of ferritin
molecules was also increased in the external aspect of the GBM
relative to controls receiving PBS without PEI (Fig. lB and
Table 2). These changes occurred to a similar extent in all
capillaries examined. Procedures used to measure GFR and
RBF did not alter the distribution of ferritin particles within the
GBM of either PE! or PBS-controls. The effect of PEI appeared
to be dose-dependent because in a separate group of experi-
ments more particles were observed within the GBM in rats
given 15 g/g of body wt when compared to rats receiving 10
igIg of body wt followed by 0.25 mg!g of body wt of native
ferritin (not shown). Plasma ferritin concentration in rats given
PEI showed a modest fall to 70.7 6.0% (2.66 to 1.88 mg/mI)
between 2 and 15 mm following injection of the tracer and was
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Fig. 3. Glomerular capillary walls ofrats given 0.1 mg/g body weight of moderately cationicferritin (CF, 8.0—8.7) 15 mm following (A) phosphate-
buffered saline or (B) polyethyleneimine, 15 jgIg body weight. The number of ferritin molecules within the GBM following PEL is approximately
two times the number observed in the PBS-control. (Reduced osmium and uranyl acetate stain, x98,600)
not significantly different from the corresponding change in
PBS controls to 79.7 1.3% (2.25 to 1.79 mg/ml). Treatment
with an antihistaminic, diphenhydramine, had no effect on the
distribution of native ferritin particles in PET or PBS rats,
suggesting that effects due to polycation-induced histamine
release were not responsible for increased glomerular
permeability.
Penetration of cationic ferritins into the GBM in PBS-con-
trols was greater than that of native ferritin and directly related
to the charge of the tracer (Figs. 2A, 3A, and 4A and Table 2).
PET increased the GBM penetration of weakly cationized
ferritin CF (7.5—8.2) and moderately cationized ferritin CF (8.0—
8.7) (Figs. 2B and 3B); however, it did not change the overall
permeability of strongly cationized ferritin CF (8.7—9.0) (Fig.
4B) when compared to PBS controls (Figs. 2A, 3A, and 4A and
Table 2). The ratio of GBM penetration of cationic ferritins
between experimental and control rats (PET/C) was inversely
related to the cationic charge of the tracer protein showing
ratios of 3.3, 1.7, and 0.9 for CF (7.5—8.2), CF (8.0—8.7), and CF
(8.7—9.0), respectively (Table 3). The effect of PEI was primari-
ly on the inner aspect of the GBM as indicated by a dispropor-
tionate number of ferritin particles within this region when
compared to the external aspect of the GBM (Tables 2 and 3).
Reduction of renal perfusion pressure to 40 mm Hg did not
increase the GBM penetration of cationic ferritins compared to
normotensive controls. Rather, this maneuver did not result in
change in ferritin counts in both the inner and external aspects
of the GBM.
Discussion
The results permit the derivation of two major conclusions:
(1) PET dramatically increases penetration of the GBM by the
large anionic globular protein ferritin, indicating a major pertur-
bation of GBM polyanion. (2) Paradoxically, PET also increased
penetration of the GBM by cationic ferritins of the same size,
albeit to a lesser extent than by anionic ferritin, suggesting a
concurrent perturbation of the structural integrity of the GBM.
These permeability alterations can be considered to be mild in
that overt albuminuria was not observed. The absence of
albuminuria may imply that additional changes in more distal
portions of the filter are required to result in a protein leak that
exceeds the tubular reabsorption maximum. The dose of PET
used in this study was deliberately chosen to avoid toxic effects
that polycations might have, such as glomerular capillary
thrombosis, which could complicate data analysis.
The effects of PET may be attributed to direct binding of the
polycation to the GBM with consequent neutralization of GPA.
Prevous studies have demonstrated that PEI (30,000 to 40,000
daltons) following intravenous injection binds to GPA and with
proper staining can be used as a marker to demonstrate
polyanionic sites within the GBM [32]. The present study
demonstrates that a lower molecular weight PEI (1800 daltons)
can also be administered in a single intravenous dose with no
untoward effects, binds to the GBM and neutralizes GPA,
leading to increased permeability of the GBM to native ferritin.
However, our studies also show that PEI reduces RBF and
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Fig. 4. Glomerular capillary walls of rats given 0.1 mglg body weight of strongly cationicferritin (CF, 8.7—9.0) 15 mm following (A) phosphate-
buffered saline or (B) polyethyleneimine, 15 j.tg/g body weight. The number of ferritin molecules is approximately equal in PEI and the PBS-control.
Note, however, that more particles are present in the lamina rara interna and fewer in the lamina rara externa in the GBM of the rat given PEI when
compared to PBS-control. (Reduced osmium and uranyl acetate stain, x98,600)
GFR by approximately 50%. Because hemodynamic factors are
known to affect the glomerular filtration of macromolecules
[33—35], the possible effects of their perturbations on ferritin
localization with the GBM need to be analyzed. That they did
not play a role is indicated by the following considerations:
(1) Ferritin does not easily enter into the GBM under condi-
tions of unrestricted diffusion; that is, with renal artery ligation
15 mm following native ferritin injection, entry of the tracer into
the GBM was not increased more than in controls 1121. Identical
results were seen when renal perfusion pressure was reduced to
30 to 40 mm Hg [12]. Similar results were found in this study
using cationic ferritins. Reduction of renl perfusion pressure to
40 mm Hg did not result in change in the number of cationic
ferritin particles within the GBM. Thus, PEI-induced increase
in GBM ferritin content cannot be ascribed to hemodynamic
effects.
(2) Macromolecular transport across the GBM occurs both by
convection and diffusion. Whereas the convected amount is
increased or decreased in proportion to changes of GFR, the
diffused amount remains constant [35]. Thus, with decreased
RBF and GFR, and assuming that the filtration fraction
(GFRIRBF) is unchanged or decreased, fractional clearance
may be increased, but the absolute amount filtered is decreased
[35]. In the case of all the ferritins tested in the present study,
absolute numbers of ferritin molecules in the GBM following
PEI were either markedly or moderately increased. This is
contrary to the predicted behavior of macromolecules in states
of low RBF [35—38]. Recent mathematical models predict that
for a given density of fixed negative charge within the glomeru-
lar capillary wall, reduction of RPF will increase the fractional
clearance of anionic macromolecules but have the opposite
effect on cationic macromolecules [39]. As stated earlier, reduc-
tion of renal perfusion pressure did not result in change in the
GBM distribution of either anionic ferritin [12], or cationic
ferritin (this study). Therefore, it would appear that the changes
reported by us after PEI administration for both species are due
to perturbations of the GBM per Se.
(3) If the effect of PEI on glomerular permeability to ferritin
were to be ascribed to hemodynamic effects, there should have
been proportionate increments of the number of ferritin mole-
cules in the GBM regardless of molecular charge. This was not
the case; in fact, with increasing net positive charge of the
ferritins, the effect of PEI on GBM ferritin content (PEI/C)
became progressively smaller.
Polycations as perturbants of the charge barrier
Our observations provide a morphological counterpart to
studies by Hunsicker, Shearer, and Shaffer [24] and Vehaskari
et a! [23], in which infusions of the polycations hexadimethrine
bromide or protamine led to proteinuria. They also confirm in
vivo the results obtained ex vivo by Kelley and Cavallo [22]
following perfusion of kidneys with protamine and anionic
ferritin. An advantage of the present model is that only a single
nontoxic intravenous injection of PEI is needed, in vivo, to
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Table 1. Renal function following polyethyleneiminea
Treatment
GFR RPF RBF Filtration fraction
mI/mm GFR/RPF GFR/RBF
PBS control (N =
PEI (IS sg/g body
wt) (N = 6)
P value
7) 1.78 0.17
0.94 0.14
< 0.005
4.23 0.37
2.20 0.32
< 0.005
7.89 0.72
4.35 0.62
<0.005
0.42
0.43
0.01
0.01
NS
0.22 0.01
0.22 0.01
NS
Abbreviations: GFR, glomerular filtration rate; RPF, renal plasma flow; RBF, renal blood flow; PBS, phosphate-buffered saline; PEI,
polyethyleneimine.
a Data are expressed as means SE.
Table 2. Effect of polyethyleneimine on the distribution of native anionic and cationic ferritin mo1ecules/rm2 in the glomerular basement
membranea
Ferritin
p1
PBS-Control (C) PEI, (15 g/g body wt)
GBM
Inner
aspect
External
aspect GBM
Inner
aspect
External
aspect
NF(4.5—4.8)
CF (7.5—8.2)
CF (8.0—8.7)
CF (8.7—9.0)
8 2
69 7
326 37
918 72
11 4
92 12
532 68
1215 149
5 2
46 5
121 24
594 32
852 44
228 22
554 20
858 106
1613 84
397 12
993 49
1478 195
82 14
59 7
117 13
250 30
Abbreviations: NF, native ferritin; CF, cationic ferritin; p1, isoelectric point; PEI, polyethyleneimine; PBS, phosphate-buffered saline; C,
control; GBM, glomerular basement membrane.
a Data are expressed as means SE, from 15 to 20 capillaries examined in each group.
substantially enhance glomerular permeability to a tracer pro-
tein of large molecular weight and radius. In more recent
studies with hexadimethrine bromide, proteinuria was associat-
ed with glomerular thrombosis and cell injury [40]. Hunsicker,
Shearer, and Shaffer [24] used diphenhydramine to obviate the
toxic effects of hexadimethrine. The use of this potent antihista-
mine, which also stablizes biological membranes and inhibits
platelet secretion and aggregation response [41], could explain
the absence of glomerular thrombotic lesions in this study. In
our study, PE! induced perturbations in the GBM without
glomerular thrombosis. Diphenhydramine, when given with
PET, did not influence the course of the experiment. Thus,
platelet activation and glomerular thrombosis are not necessary
pathogenic factors in the PEI-induced GBM alteration. More-
over, direct polycation binding, effected by ex vivo perfusion in
blood-free physiological solution, caused increased GBM per-
meability to anionic ferritin [22].
The magnitude of the increase in GBM ferritin induced by
PEI is striking (PET/C > 100). If this were an isolated finding,
the increase might have been attributed to neutralization of the
charge barrier alone. However, in view of the anomalous
findings with cationic ferritins, the possibility that an additional
factor contributes to the net effect must be entertained (see
below, PEI as a perturbant of GBM size barrier).
Effects of polycations on the structure of polyanionic gels
Polycations might also increase glomerular permeability by
alterations in size-dependent discrimination of macromol-
ecules, secondary to charge alterations as was suggested to
occur following the administraton of hexadimethrine bromide
Table 3. Permeability ratios (PEI/C) of counted ferritin molecules
within the glomerular basement membrane in corresponding
polyethyleneimine and control groups
Ferritin
p1 GBM
PEI/C
Inner
aspect
External
aspect
NF (4.5—4.8) 107.0 146.6 16.4
CF (7.5—8.2) 3.3 4.3 1.3
CF (8.0—8.7) 1.7 1.9 1.0
CF (8.7—9.0) 0.9 1.2 0.4
Abbreviations: NF, native ferritin; CF, cationic ferritin; p1, isoelec-
tnc point; PEI, polyethyleneimine; C, control; GBM, glomerular base-
ment membrane.
[24]. These effects might be due to changes in the gel structure
of the GBM caused by polycation binding. Indeed, recent
preliminary studies using polyacrylamide-polyacrylic acid gels
indicate that a polycation can alter their structure [25]. There is
a physical basis for the creation of paradoxically expanded
"pores" in charged polyacrylamide gels contracted by counter-
ions (reviewed in [421).
It is known that interaction of cationic counterions with
connective tissue polyanions can lead to the formation of
insoluble precipitates in water, due to a diminution of hydro-
philic chains [43]. Formation of precipitates in this situation can
be directly related to the net charge of the cation. Inherent in
the process of precipitation is a change in the structure of the
polyanionic component. Similarly, precipitation of proteogly-
cans occurs in tissues during staining with cationic dyes such as
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ruthenium red, Alcian Blue, and toluidine blue 0 [44—461. It is
conceivable then, that a small molecular weight polycation
could also alter proteoglycan configuration in vivo,
PEI as a perturbant of the GBM size barrier
We have considered several explanations for our paradoxical
results with differently charged ferritins. These included PEI-
induced hemodynamic effects, cellular injury, and alterations in
plasma ferritin concentration. Since it could be shown that
these factors were not operative and because PEI 1800 bound to
the GBM laminae rarae, an alternate and more likely explana-
tion based on polycation-induced distortion of GBM gel struc-
ture needs strong consideration. If neutralization of anionic
sites by PEI were solely responsible for increased permeability
to native ferritin, a reduction in permeability to cationic ferritin
would be expected, due to diminution in the affinity of the GBM
to cationic molecules and repulsion of the cationic tracers by
bound PEI. However, the obtained results were quite opposite.
For each ferritin of the same p1, PEI treatment increased the
permeability of the subendothelial layer compared to the PBS
control given the same ferritin. In fact, for the two weaker
cationic species, PEI increased overall GBM permeability.
These anomalous findings can only be explained by a PEI-
induced alteration in GBM porosity in addition to a charge
defect. The PEI-induced permeability defects appear to primar-
ily affect the inner aspect of the GBM based on the dispropor-
tionate number of ferritin particles in this location, regardless of
the p1 of the tracer, when compared to the outer aspect of the
GBM. Why the inner aspect of the GBM is principally involved
cannot be ascertained in these experiments but may reflect that
GPA in this layer is closer to saturation by PEI than the external
aspect of the GBM. Alternatively, polycations may distort the
lamina densa to such a degree as to restrict penetration of
ferritins into the external aspect of the GBM relative to the
internal aspect, Such an effect is indicated in this study by the
fact that as the charge of the ferritin species increases fewer
particles enter the external aspect of the GBM relative to PBS
controls.
There are apparent inconsistencies in the interpretation of
differences in GBM ferritin counts between animals which were
all given PEI but differently charged ferritins. These inconsis-
tencies can be resolved if one considers that with rising p1 of
ferritin the tracer itself acts as a strong polycation (like PET) and
has a synergistic effect with PET in perturbing the GBM
structure. What is implied is that a cationic ferritin, by itself and
without PEI, can distort GBM structure and cause altered
localization not only by a charge effect, but by an added size
defect of unmeasurable magnitude. The inverse relationship of
the permeability ratio PEI/C to the p1 of the charged ferritin is
consistent with the above interpretation. Because cationic
tracers may affect GBM structure, there is an inherent artifact
in the study of their filtration characteristics with respect to
charge alone. Along these same lines, it follows that the
distribution of anionic ferritin in the GBM following PET is the
resultant of three factors: (1) anionic charge neutralization with
decreased repulsion of negatively charged ferritin, (2) conver-
sion of some anionic sites to cationic sites by PE!, with binding
of anionic ferritin, and (3) distortion of GBM structure by the
polycationic PEI, with introduction of a size defect. The reason
why mildly cationic ferritin does not enter the GBM as readily
as native ferritin after PEI is because factors (1) and (2) are not
operative in this case. In fact, this species of ferritin might even
be repelled by the "new" cationic sites on the GBM. Because
more strongly cationic ferritins additionally distort the GBM,
their penetration into the GBM is also enhanced due to increas-
ing perturbation of the size barrier. Thus, charge and steric
interactions may be so closely interwoven that their separate
effects can only be approximated. By analogy to other polyan-
ionic gels, GBM struciure may be so critically dependent on the
integrity of its negatively charged sites, that any pathological
interactions with counterions (including cationic tracers used to
test permeability) will result in a perturbation where charge and
size selective permeability cannot be distinguished with accura-
cy. The results of previous studies using cationic tracers [6, 9—
121 may need to be re-evaluated to consider tracer-induced
alterations in GBM porosity. A recent study has also shown a
direct relationship between neutralization of GPA by increasing
molar strengths of sodium chloride and enhanced GBM pene-
tration of native anionic ferritin [471. It seems likely that
alterations in porosity of the GBM may be present in this model
also.
Many unanswered questions remain: What are the relative
contributions of charge barrier perturbations and size barrier
perturbations to the overall increase in GBM permeability
induced by polycations? An answer to this question may need
to await the availability of uncharged macromolecular probes of
rigid internal structure. What are the in vivo molecular struc-
tures of the three different GBM layers, and are they similarly
affected by polycation interaction? Particularly intriguing is the
progressive diminution of the PEI/C ratio for cationic ferritins
in the external aspect of the GBM with rising net positive
charge on the tracer. The most plausible, albeit highly specula-
tive explanation for this anomaly may be that the effect of
cationic counterions on GBM gel structure is heterogeneous. In
the loose textured laminae rarae, disruption of gel structure is
expected to be severe, leading to the formation of polyanion-
polycation precipitates and large, vacant water-filled channels.
The more rigidly constructed lamina densa, on the other hand,
might collapse in a more uniform fashion, leading to an increase
in overall steric impedance but the expansion in dimensions of a
limited population of pores.
It is clear that sophisticated morphological techniques, cur-
rently unavailable, are required to examine these problems.
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